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ABSTRACT

The enclosed report represents work performed at UCSD on Contract
NOOO14-8Y4-K~0U459 entitled "“Interfacial properties of germanium nitride
dielectric layers on germanium" and provides a full account of the
results obtained during the contract period: July 1, 1984 to June 30,
1985. The paper "Simple low-cost microwave plasma source has been
published in the Review of Scientific Instruments, volume 57, page
164(1986). The remainder of this report describes the fabrication of the

deposition system for the germanium nitride layers.
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\\g{Le first year's effort on this project has been primarily devoted to the
design and construction of a low-pressure chemical vapor deposition system for
growth of the germanium nitride layers. The gas manifold layout is shown
schematically in Fig. 1, the reactor assembly is shown in Fig. 2, and the
vacuum pumping assembly is shown in Fig. 3. The construction and operation of
the microwave plasma source is described in the enclosed technical article K
which has been published. The remainder of the system is described below.
DESIGN AND FUNCTIONAL DESCRIPTION

Gas Manifold

Control and composition of the gases to be delivered to the reactor

assembly is accomplished by the gas manifold. Plumbing fixtures are mounted
on an aluminum plate held by a supporting frame. This assembly is then placed
into a vented extension built on to the existing fumehood. Reactant gases are
received into the cabinet from external supply, and have pressure relief
safety valves in line prior to connection to the gas manifold. The manifold
provides two independent, simultaneous supply lines to the reactor assembly.

The right hand side of the gas manifold schematic depicts the supply line
of the gas inlet to the resistive heated furnace. N2 and NH3 gases are
initially passed through a bubbler containing a liquid azeotrope of gallium
and indium, with aluminum added, to scavenge oxygen and water. Total flow
rate and composition of an ammonia-nitrbgen mixture is accomplished by
adjustment of the small metering valves while monitoring the flowmeters. A
second nitrogen line is equipped with an ethylene bromide bubbler and purge
capability to allow for in-situ etching.

The left side of the schematic depicts the supply line to the microwave
resonant cavity, the gas flow rate and composition is determined by adjustment

of small metering valves while monitoring the flowmeters. An additional
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Egse nitrogen line is provided without flowmeter restriction to allow reactor
;Eﬁ assembly purge.
G Reactor Assembly

?l. The microwave resonant cavity is the excitation source for production of
3 a plasma discharge in the flowing ammonia gas. The cavity is assembled from
‘,i aluminum end plates supporting a cylindrical brass sheet which forms the

;42 sidewall. Circular brass plates attached to threaded pipe on each end form
ln*z the end plates. The knurled knob in the figure is threaded to allow approxi-
:;: mately one millimeter of displacement of the end plate per revolution. Moving
gix both end plates allows choice of cavity length and relative distance of the
ﬁf* magnetron position from the end plate. Not shown is a boron nitride tube

gg“ placed, such that, the plasma will be isolated from contact with the quartz
ﬁr“ tube preventing any interaction.

N f Two gas inlet nozzles are provided where the quartz conduit widens and
;}?. enters the reaction chamberf The resistance heated furnace is equipped for
%52: optional two-temperature zone operation. Separate, zone-centered thermo-

-

a?? couples are provided for temperature control.

:’: Substrate loading is accomplished after removal of an 90°C elbow

:&3 connecting the reaction chamber to the vacuum system.

335 Vacuum System

E;% Gases leaving the reaction chamber are conducted through a coaxial trap,
%:ﬁ vibration bellows and angle valve to the inlet port of the rotary vane pump.
f;g A small vacuum shunt is provided to prevent excess turbulance around the

'}; substrate as the angle valve opens. The pump is equipped with inert gas

g ballast for pumping condensable vapors. An external oil purifier, as

:3 recommended for vane pumps, was selected with attention to the ammonia service
g?ﬂ required.
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Simple low-cost microwave plasma source

L. G. Meiners and D. B. Alford

Department of Electrical Engineering and Computer Sciences, University of California, San Diego, La Jolla,

California 92093

°_ €Received 26 August 1985; accepted for publication 4 October 1985)

’T—}

*A-generator-cavny system is described whﬁﬂ/capable of delivering 0—600 W of microwave
power at 2.45 GHz. The power generating section has been constructed from components
contained in a portable home microwave oven and the cavity was assembled from easily
machinable pieces. The cw magnetron source was mounted directly on a cylindrical microwave
cavity. The plasma was contained in an on-axis 20-mm o.d. quartz tube. Design tradeoffs and

operating information are discussed,

INTRODUCTION

A type of apparatus being used with increasing frequency for
chemical processing in the gaseous state depends in its oper-
ation on the production of excited gas particles in a radio-
frequency (rf) plasma. The system that is used to provide the
rf energy for the plasma varies greatly depending on the fre-
quency of the rf source and the application at hand. The use
of micgowave sources offers advantages in that the plasmas
can be maintained at higher gas pressures and flow velocities
than are possible when operating at lower (0.1-30 MHz) fre-
quencies. These advantages have in the past been partially
offset by the fact that the design of microwave coupling cav-
ities can be described as an empirical art at best and by the
usually greater cost of the microwave power sources. Used
medical diathermy units which operated at 2.45 GHz and
produced about 100 W' were sometimes adapted for labora-
tory use, however, these are no longer readily available. An
obvious choice of a power source for an experiment of this
type would be a cw magnetron of the type that has been
developed for use in microwave ovens. These devices typical-
ly operate at 2.450 GHz, have power outputs of 500 W or
more, and usually are designed so as not to self-destruct
when a large amount of power is reflected back into the mag-
netron tube. This paper describes the construction and oper-
ation of a microwave plasma source using one of these tubes.

. MICROWAVE GENERATOR

One of the first considerations in the design was the de-
velopment of a means whereby the power delivered to the
microwave plasma could be continuously adjusted. A com-
mon method for the modulation of microwave power to a
load is to operate the source at full power and shunt off the
excess power to a dummy load. This can be accomplished in
waveguide by combining a circulator or isolator with a vari-
able attenuator, one or more dummy loads, and other mis-
cellaneous waveguide components to monitor the output
and reflected power so that the sections can be tuned proper-
ly.?? Since the dummy load must be capable of accepting the
full source power at zero output to the load, rather large air-
cooled or water-cooled units are required to dissipate the
500-1500 W which they may receive. Although this is a pos-
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sible way to construct a circuit for adjusting the power out-
put to a plasma source, it did not really satisfy our objective
of fabricating a simple, inexpensive unit which could be used
for chemical processing. The power adjustment on a typical
home microwave oven is achieved by simply turning off the
ac line voltage to the magnetron power supply every few
seconds to yield a lower average power output. This was not
deemed an acceptable solution for the present problem be-
cause the plasma would be extinguished each time the mag-
netron was shut off. The magnetron requires a low-voltage-
high-current ac filament supply and a high-voltage-low-cur-
rent de cathode supply. The microwave output power is di-
rectly related to the dc input power; however, this is usually
not considered a good way to modulate the power output
when the tube is used for communications purposes. When
the cathode voltage is only slightly above the threshold value
required for the maintenance of stable oscillations, the spec-
tral purity of the output markedly degrades. This is unaccep-
table if the power is being radiated under the usual condi-
tions which place strict limitations on the amount of out-of-
band radiation which can be emitted. However, for the prob-
lem at hand it seemed as if this would present no large short-
coming since the microwave energy would be completely
contained, and a small amount of broadband energy in the
source would not affect the plasma production efficiency,
which was our main concern in any event.

We purchased a small portable microwave oven capable
of providing 600 W of microwave power at 2.45 GHz* plus
an extra transformer for the magnetron power supply, a vari-
abie autotransformer (120 V, 10 A) to supply current for this
transformer, an ac wattmeter (1000 W) to monitor the power
input to the cathode dc supply, and miscellaneous hardware.
Figure 1 illustrates the completed circuit. The essential
modification is the means to supply constant current to the
magnetron filament while allowing for an adjustable level of
the dc voltage applied to the magnetron cathode.® Prelimi-
nary testing with the magnetron tube still in place in the
microwave oven indicated that the tube output could be ad-
justed from zero to full power by adjusting the variac.

The next problem to be considered in the design was the
method of coupling energy from the magnetron into the mi-
crowave cavity. Typically this is done by mounting the mag-
netron into a waveguide assembly with appropriate match-
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F1G. 1. Schematic diagram of microwave power source.

ing stubs and at the receiving end matching the waveguide to
the cavity containing the plasma. Since it seemed inevitable
that at least under some conditions (such as during tuning)
the cavity would not be matched to the source, it would be
necessary to introduce an isolator to absorb the power re-
flected from the cavity. Otherwise, the cavity would be ex-
tremely difficult to tune since one would have reflections not
only from the cavity but also from the magnetron. Unfortu-
nately high-power isolators are not only large and heavy
(they contain large permanent magnets) but are also expen-
sive. The prospect of adding this extra hardware to the sys-
tem seerned at variance with our original goal. As we studied
various cavity designs®’ we realized that there would be
nothing to prevent us from mounting the output voltage
probe of the magnetron directly into the cavity. We would
give up some desirable features by doing this. The micro-
wave power input to the cavity could not be monitored. One
would only be able to measure the dc power input to the
magnetron tube itself. The magnetron tube in a typical home

Body: Rolled Brasa Sheet 1/18 in,

microwave oven is usually protected from overheating by
placing a thermal cutout switch close to the tube. Following
aconservative approach, we mounted the switch immediate-
ly adjacent to the tube instead of several inches away as in the
original oven design. Also the microwave power incident to
and reflected from the cavity could no longer be used as a
guide in obtaining proper tuning of the cavity. These restric-
tions seemed acceptable for our purposes. The dc power in-
put to the magnetron would seemingly be a parameter which
could be reset to give reproducible conditions in the plasma.
For determination of the cavity adjustment which provided
the optimum plasma tuning we could rely on photometric
indications of the plasma brightness.

1. CAVITY

The cavity configuration was similar to that described
by Asmussen er a/.2 and is shown in Fig. 2. The cavity walls
were constructed from 1/16-in. brass sheet which was rolled
to the appropriate diameter. The end pieces were made from

1/2-in. thick aluminum plate and the remaining plates and °

threaded pieces were constructed of brass. The magnetron
was mounted in the wall of the cavity with a circular washer
of metal braid around the cavity opening to prevent leakage
of microwave radiation. The axial position of the voltage
probe of the magnetron was chosen to allow maximum flexi-
bility in cavity tuning. The cavity end plates could be adjust-
ed over wide ranges to accommodate large variations in the
loading presented by the plasma. The end-plate adjustment
allows 1 mm of travel for each revolution of the knob and the
position may be verified by direct observation through venti-
lation holes in the cavity walls. The magnetron tube was
connected to the power supply via a pair of stranded #10
wires to reduce to an acceptable value the voltage drop pro-
duced by the approximately 14 A of filament current. Extra
insulation for these leads was achieved by feeding them
through 1/4-in. i.d. Tygon tubing. The wires were enclosed
in a braided copper shield which eliminated the possibility of
any rf radiation and provided a ground return path for cur-
rent from the plate of the magnetron. The transitions at the
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End Support: r‘]% <> 30.8 cm. Langth
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F1G. 2. Microwave cavity for plasma source.
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metal enclosures were carefully insulated to accommodate
the approximately 3-kV dc present on the filament leads. A

length was reduced to a final setting of approximately 7 ¢
the cavity walls heated during operation; the magnetron re

::: small muffin fan was mounted directly to the magnetron to  mained cool. Optimal length was detected by direct observa
';'\ provide cooling and the connector for this was interlockedto  tion of plasma brightness, length of plasma extension beyond
'..'r'.‘_ the high-voltage power supply. the cavity, and increased meter readings on the power sup-
ply.
Maximizing the plasma extension at the outlet, with ei-
o lil. OPERATION ther no change or reduction at the inlet was achieved by
.'::- For our application the input ac power to the magnetron  parallel movement of the cavity end plates in the upstream
o supply has been usually limited to less than 600 W. Under  direction, locating the probe approximately 2.5 cm from the
' " these conditions it has been possible to operate with noaddi-  end plate associated with the outlet.
1 tional cooling of the cavity (it resides in a chemical fume Pressures in the neighborhood of 1.0 Torr required the
. hood in an approximate 0.5 m/s air flow). The cavityisused  cavity length set at approximately 7.1 cm. This corresponds
}'.:f to provide excited nitrogen species generated from ammonia  toa TEY,, hybrid resonance mode described by Asmussen et
g:-j which are fed to an indirect plasma enhanced system for  al.? A plasma can be achieved over a rather large range of
.:,;;' dielectric deposition. Typical deposition times are less than  pressures (10-0.01 Torr) and flow rates. The system appears
) 15 min and the temperature rise of the cavity walls during  to be reliable and the results reproducible. The total cost of

»

that time interval is less than 20 °C. During the initial start
up of the system optimum cavity tuning was achieved at
lower power levels and the power increased gradually as the
cavity was retuned to accommodate the change in the plas-
ma conductivity.

The dimensions of the resonant cavity were chosen such
that the radial distance between the cavity side wall and the
plasma column would accommodate only a single half-
wavelength. Thus, only one resonance mode is allowed for
each tuning length selected. Start up was accomplished by
setting the tuning length to 9.5 cm, longer than that reported
by Asmussen et al? for the first two transverse electric
modes TE,,;, and TE,,, for a cavity of similiar dimensions.

Optimizing the tuning length consisted of incrementally
reducing the cavity length with the pressure and flow rate
appropriate to our application, held constant. Initially the
magnetron heated rapidly, even with a plasma present, due
to the large amount of reflected power being returned to the
magnetron. Thermal cutout would result in less than 10 min
if operated at full power under this condition. As the tuning

the electronic ports and other materials used for the con-
struction of the system came to less than $900.
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